[1] A comparison between the fast radiative transfer model Radiative Transfer for the TIROS Operational Vertical Sounder (RTTOV-7) and the physical radiative transfer model Atmospheric Radiative Transfer Simulator (ARTS) was carried out. Radiances were simulated for the sounding channels of the Advanced Microwave Sounding Unit B (AMSU-B) for the whole globe for a single time of a single day (1 January 2000, 0000 UT). Temperature, pressure, and specific humidity profiles from the reanalysis data set ERA-40 of the European Centre for Medium-Range Weather Forecasts (ECMWF) were used as input for both models; geopotential height profiles were also used but only as input for ARTS. The simulations were made for two different surface emissivities, 0.60 and 0.95. The low surface emissivity case exhibits the larger radiance differences. Although the global values of the mean difference and standard deviation are small (for example, the global mean difference for channel 18 is 0.014 K and the standard deviation is 0.232 K), the examination of the geographical distribution of the differences shows that large positive or negative values are observed over dry regions of high northern and southern latitudes and over dry elevated regions. The origin of these differences was found to be due to errors introduced by the transmittance parametrization used in RTTOV. 
Introduction
[2] Radiative transfer (RT) models, which simulate observed satellite radiances for a given atmospheric state, are used in most atmospheric remote sensing applications. RT models can be categorized into physical models and fast models. Physical models calculate absorption coefficients from the variables of the atmospheric state using line by line calculations that make them computationally expensive. An example of a physical model is the Atmospheric Radiative Transfer Simulator (ARTS), which is described further in section 2.1. For applications such as the assimilation of satellite data into numerical weather prediction (NWP) models, faster and at the same time accurate RT models are required. Fast RT models usually achieve this goal by parameterizing the absorption stage. RTTOV (Radiative Transfer for the TIROS Operational Vertical Sounder), which is described further in section 2.2, is an example of a fast model where the local optical depth is parameterized using a linear combination of profile-dependent predictors.
[3] The aim of the study presented here was to document systematic and random errors in the fast model RTTOV by using the physical model ARTS as a reference. This was done for the sounding channels of the Advanced Microwave Sounding Unit B (AMSU-B), with most emphasis on channel 18 (183.31 ± 1 GHz). The emphasis is on channel 18 because we are planning to use this channel to derive a climatology of upper tropospheric humidity. For this purpose it is crucial that differences between radiances from different RT models are well understood.
[4] Intercomparisons between different RT models have been documented in the literature. They are usually carried out to compare the performances of different models and to document the possible biases. For example, a comparison of different RT models for selected channels of the AMSU and high-resolution infrared radiation sounder (HIRS) instruments is documented by Garand et al. [2001] . (This comparison included RTTOV, but not ARTS, because ARTS was not yet used for AMSU simulations at the time.) The present study is to our knowledge the first where differences between radiances from two different RT models are mapped according to their geographical distribution.
[5] The paper is structured as follows: Section 2 describes the two RT models, the atmospheric input data, and the characteristics of the simulated sensor. It also gives details about the study methodology. Section 3 presents and discusses the simulation results for two different surface emissivity values, representing the two extremes of a low emissivity and a high emissivity. Finally, section 4 contains a summary and the conclusions.
Models, Data, and Methodology

ARTS
[6] The Atmospheric Radiative Transfer Simulator (ARTS) is a physical radiative transfer model that is publicly available. It is described in detail by . ARTS is a very general model that can be used from the microwave to the infrared spectral range. Absorption coefficients are obtained by a combination of lineby-line calculation and various continua from the current literature. The model has been compared against a range of other microwave radiative transfer models [Melsheimer et al., 2005] and against collocated AMSU-B data and radiosonde profiles . It has also been used to derive regression coefficients for an upper tropospheric humidity retrieval method from AMSU-B channel 18 data [Buehler and John, 2005] . The arts-1-0-168 version of the model, which was used for the study, simulates only clearsky radiances. There exists another version of ARTS, which includes two different algorithms to simulate the absorption and scattering of radiation by hydrometeors such as clouds and rain [Davis et al., 2005; Emde et al., 2004] .
[7] The program setup was as described by Buehler et al. [2004] , except that we used two different combinations of absorption models. For the first combination we followed Buehler et al. [2004] [8] The difference between these two absorption combinations varies with the humidity, as shown by Figure 1 . The zenith opacity of the second combination of absorption models is approximately 1% larger than the zenith opacity of the first combination (compare Figure 2 , top).
[9] The weak ozone lines in the AMSU-B frequency range have a considerable impact on the channel 18 brightness temperature , but they are not included in the simulations as RTTOV also does not include these lines.
[10] As described by Buehler et al. [2004] , ARTS takes account of the finite width of instrument passbands, by making explicit RT calculations for a set of frequencies, and then integrating the result.
RTTOV
[11] Radiative Transfer for the TIROS Operational Vertical Sounder (RTTOV) is a fast radiative transfer model which is used by several NWP centers to assimilate satellite radiances into numerical weather prediction models. RTTOV may be also used for other applications that require the simulation of satellite radiances, for example climate monitoring.
[12] RTTOV was originally developed and maintained by the European Centre for Medium-Range Weather Forecasts (ECMWF) but the improvements and updates are now implemented through the EUMETSAT NWP Satellite Application Facility (SAF) by the Met Office, Météo-France, and ECMWF, under the coordination of the Met Office. A detailed description of RTTOV is given by Saunders et al. [1999] . The version used for this study is RTTOV-7. By default the atmosphere is divided into 42 homogeneous layers [Saunders, 2002] . In contrast to ARTS, RTTOV does not perform monochromatic RT calculations, but computes a fit to polychromatic transmittances that have been integrated from the Liebe MPM (Millimeter wave Propagation Model) line-by-line model using a diverse dependent set of atmosphere [Rayer, 2001] .
[13] At microwave frequencies RTTOV-7 is based on optical depths computed from the Liebe MPM model [Liebe, 1989] with the dry air absorption based upon Liebe et al. [1993] , but adjusted so that the dry air calculation effectively comes from Liebe et al. [1992; Rayer, 2001] . RTTOV also includes surface emissivity models for both infrared and microwave channels but they are not used in this study. In addition to the forward model calculation RTTOV can also perform gradient computations which are required for assimilation and retrieval codes.
Atmospheric Data
[14] The atmospheric data used in this study are the ERA-40 reanalysis data produced by the European Centre for Medium-Range Weather Forecasts (ECMWF) [Uppala et al., 2006] . The ERA-40 model uses a T159 spherical harmonic representation corresponding to a maximum horizontal grid spacing of 125 km and there are 60 levels in the vertical. A date was chosen arbitrarily, 1 January 2000, 0000 UT. Global ERA-40 profiles of temperature, specific humidity, pressure, and geopotential height for this date and time were used.
Simulated Radiances
[15] In this study we simulated AMSU-B radiances. AMSU-B, the Advanced Microwave Sounding Unit B, is flying onboard the satellites NOAA (National Oceanic and Atmospheric Agency) 15, 16, and 17. Details of the instrument can be found in Saunders et al. [1995] . AMSU-B has five channels of which two channels (channels 16 and 17) are surface channels and three channels (18, 19, and 20) are sounding channels that are sensitive to humidity variations at different altitudes with channel 18 the highest peaking one. For tropical or particularly wet midlatitude profiles the sounding altitudes are roughly 8.5, 6.5 and 5 km for channel 18, 19 and 20 respectively, but for dry condition such as subarctic winter or very dry midlatitude profiles, the sounding altitudes go down to 5.5 and 4 km for channel 18 and 19 respectively and channel 20 tends to behave more like a surface channel. See Buehler et al. [2004] and Buehler and John [2005] for figures with AMSU-B channel positions and Jacobians.
[16] AMSU is a cross-track scanning instrument, the satellite viewing angle is ±0.55°from nadir for the two innermost scan positions and ±48.95°from nadir for the two outermost scan positions. For this comparison the simulations were mainly done for nadir, however the influence of the viewing angle has been studied by doing one calculation for an extreme off nadir viewing angle.
Methodology
[17] The ERA-40 reanalysis fields were interpolated onto a 1.5°horizontal grid. The comparison was consequently done for 29040 profiles corresponding to the 240 longitudes and 121 latitudes on which data were available. The number of profiles combined with the fact that these profiles cover the whole surface of both Earth hemispheres mean that statistically these profiles roughly represent the natural variability of temperature and specific humidity. For each profile, temperature, specific humidity, and geopotential height from the ERA-40 reanalysis were interpolated onto those RTTOV pressure levels which were located above the surface. Furthermore, the surface pressure was set to the lowest RTTOV pressure level above the true surface. This was done in order to avoid that the surface is located between two RTTOV pressure levels, a case that is handled differently by the two RT models, and that would therefore lead to differences.
[18] Radiances for the AMSU-B sounding channels were simulated by ARTS and RTTOV using the interpolated profiles as input, that means that the radiative transfer equation was integrated over the same vertical levels by both models. For both models the surface emissivity was kept constant and initially equal to 0.60. In a second step, the simulation was repeated with a surface emissivity of 0.95. These two emissivity values were chosen because ground emissivity ranges from about 0.60 for ocean to about 0.95 for land. Results are expressed in terms of radiance differences (in units of equivalent black body brightness temperature (BT)) between RTTOV and ARTS, with DBT = BT RTTOV À BT ARTS .
Results and Discussion
[19] In this section we show and discuss the results of the simulations. We discuss the low surface emissivity (0.60) case in detail and briefly summarize the results of the high surface emissivity (0.95) case. The possible sources of the observed radiance differences are also discussed.
[20] Figure 3 (top) shows the DBT for channel 18 on a geographical map (left) and as a function of integrated water vapor (IWV, right) . In this case the ARTS calculations were performed using standard ARTS absorption model (combination 1). While the overall agreement is good, two types of differences between the models can be seen. First, there is a well spread small negative bias of less than 0.5 K, and secondly, there are larger differences in specific regions, which could be significant for climate oriented studies, as well as for NWP applications. The DBT becomes large for small IWV values, below approximately 2.5 kg/m 2 . Positive DBT values reach 3.5 K and negative values reach À1 K. This result is different from the one obtained by Garand et al. [2001] for a comparison of an older version of RTTOV (version 6) against a range of physical models, since they reported only positive differences for low IWV cases.
[21] Because the differences seen in Figure 3 (top) may be thought to be due to the use of different absorption models, Figure 3 (middle) shows the same results, except that the ARTS calculation used the same absorption models (combination 2) as RTTOV. This results in an overall better agreement. The well spread small negative bias disappears. The agreement is also better for moderate IWV values, but differences are now larger for very high IWV values, and large differences are still visible for very dry profiles. Not all dry profiles exhibit a large radiance difference. For channel 18, approximately 48% of the profiles with an IWV below 2.5 kg/m 2 have a DBT between À0.1 and 0.1 K.
[22] In Figure 3 (bottom) we show the difference between ARTS calculations using the two different absorption model combinations. It can be seen that the higher opacity of the absorption combination 2 results in larger BTs for the very dry profiles and smaller BTs for the rest of the profiles. This behavior can be understood with the help of Figure 4 , which shows AMSU-B Jacobians (the derivative of BT with respect to humidity changes) for moist and dry profiles. For channel 18 the humidity Jacobian is negative for normally moist profiles, but positive for very dry profiles. Accordingly, an increase in water vapor absorption will decrease BTs for normally moist profiles, but increase BTs for very dry profiles. We can conclude that the differences between the two absorption model combinations, although not being negligible (between À0.2 K and 0.5 K) do not account for the greatest BT differences between both models. In what follows we will discuss results only for the absorption model combination 2.
[23] Coming back to the comparison of RTTOV against ARTS, the results shown so far mean that only a small part of the observed differences can be explained by the small differences in the underlying absorption model. Thus, in order to further investigate the sources of the differences one has to look more closely at the opacity values calculated by RTTOV and ARTS. (In fact, RTTOV outputs the layerto-space transmittance, but this can be easily transformed to the opacity.)
[24] Figure 2 shows the total zenith opacity as a function of IWV for both models, and their relative difference. , with a corresponding opacity of about 70.) We expect the opacity to be a linear function of IWV to a good approximation. Both models show this expected behavior.
[25] Figure 2 (bottom) shows the relative difference in total zenith opacity between the two models. It seems to be mostly random. The value exceeds ±10% in some cases, so it is up to an order of magnitude larger than the difference between the two considered absorption combinations. This indicates that the main difference between RTTOV and ARTS is noise in the RTTOV approximation of the layerto-space transmittance.
[26] In RTTOV the local optical depths are parameterized using a linear combination of profile-dependent predictors. The prediction could be bad for profile values outside the valid range of the regression. However, it was verified that all profiles, even the very dry ones, are within the RTTOV profile validity limits. The RTTOV validity limits were carefully chosen to insure that the prediction is valid. They are currently set to 10% below and above the minimum and maximum profile values used in the regression, which was verified to be safe by the RTTOV developers (R. Saunders, personal communication) . Nevertheless, we observe a certain limitation of RTTOV for cold and extremely dry profiles that are close to the RTTOV validity limit. For such cases RTTOV accuracy is reduced relative to ARTS.
[27] It should be noted that large differences in opacity (or in absorption) are not necessarily translated into large brightness temperature differences. However, there can be large BT differences in cases where the Jacobian peaks near the surface, which happens in elevated and/or extremely dry areas. In that case the BT differences can be amplified by the surface reflection, because any difference in atmospheric modeling is seen twice: once in downward emission, once in upward emission. This effect should depend on the surface emissivity, because the contribution of the reflected downwelling radiation to the upwelling radiation is more important for a low surface emissivity than for a high surface emissivity. (Note that both models were configured to use a simple specular reflection surface model for the comparison.)
[28] To investigate the influence of the surface emissivity, a separate set of calculations with a higher emissivity of 0.95 was performed. Figure 5 shows these simulations for channel 18. As usual, the left panel shows the radiance differences on a map and the right panel shows DBT versus IWV. In this case the differences for the extremely dry profiles are much less than in the low emissivity case. The positive differences are up to 0.4 K and the negative differences are down to À0.26 K.
[29] The discussion so far has focused on channel 18, but the results for channels 19 and 20, the other two sounding channels, are similar, as shown by Figure 6 . However, the differences for these channels, for a surface emissivity of 0.6 occur already at higher IWV values. Differences occur below approximately 6.5 kg/m 2 for channel 19 and below approximately 15 kg/m 2 for channel 20. The lower the sounding altitude of the channel, the more profiles show differences. For channel 18, 19 and 20, the percentage of profiles showing a DBT outside ±0.1 K is 17.77%, 30.76%, and 52.02%, respectively.
[30] All the results shown correspond to nadir viewing geometry. However, to investigate the influence of the viewing angle a calculation has been done for an extreme off-nadir viewing angle of 48.5°(corresponding to an incidence angle of 58.09°). This simulation (not shown) leads to the conclusion that the BT differences between the two models are largest for the nadir view and decrease with increasing viewing angle. The explanation for this behavior is that in the case of an off-nadir viewing angle the opacity of the atmosphere is larger and the Jacobians for the sounding channels peak at higher altitudes. Extreme cases with low opacity and strong surface influence are thus more rare for off-nadir views.
Summary and Conclusions
[31] A comparison between the fast radiative transfer model RTTOV-7 (Radiative Transfer for TOVS) and the physical radiative transfer model ARTS (Atmospheric Radiative Transfer System) was carried out. The aim of the exercise was to use the physical model ARTS as a reference to test the performance of the fast model RTTOV. Radiances were simulated for the AMSU-B sounding channels by both models for the whole globe for a single time of a single day (1 January 2000, 0000 UT). Temperature, pressure, and specific humidity profiles from the ERA-40 reanalysis were used as inputs for both models, geopotential height profiles were also used but only as input for ARTS. The simulations were made for two different surface emissivities, 0.60 and 0.95.
[32] Table 1 summarizes the global differences between RTTOV-7 and ARTS absorption model combination 2. The low surface emissivity case has larger differences than the high surface emissivity case. For both emissivity cases, channel 18 has the smallest differences. For the low emissivity case, mean differences range from 0.014 K for channel 18 to 0.104 K for channel 20 and the standard deviations range from 0.232 K for channel 18 to 0.426 K for channel 20.
[33] A projection onto a map reveals that the greatest differences occur over specific regions (but not all the profiles located in these regions show a difference). Partic- ularly large positive and negative differences occur over the dry regions of high northern and southern latitude and over dry elevated regions. The differences were found to be mainly due to the errors introduced by the transmittance parametrization used in RTTOV. In particular, it appears that the accuracy of RTTOV is reduced relative to ARTS for profiles having water vapor content close to the lower RTTOV validity limits.
[34] For channel 18, the upper tropospheric humidity channel that is of particular interest to us because we plan to use it for climatological studies, the positive difference in dry regions can exceed 1 K. According to Buehler and John [2005] , for channel 18 a 1 K positive bias in the RT model corresponds to a 7% relative dry bias in the upper tropospheric humidity. The observed differences may thus be large enough to introduce small regional and seasonal biases in numerical weather prediction model analyses and satellite climatologies, if they are not taken into account.
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